Hierarchical clustering model has been extensively used in studies of the cosmological structure formation. In the hierarchical model, such as the standard Cold Dark Matter (CDM) dominated universe, the structures are formed in a bottom-up fashion. In this letter, we show that dark halos formed through the hierarchical clustering have non-isothermal structure and central density cusp shallower than ρ ∝ r −2 , by means of high-resolution N-body simulations. We also give a physical mechanism of formation of such non-isothermal structure. Recently, several claims were made that the central cusp of dark matter halo has the profile of ρ ∼ r
Hierarchical clustering model has been extensively used in studies of the cosmological structure formation. In the hierarchical model, such as the standard Cold Dark Matter (CDM) dominated universe, the structures are formed in a bottom-up fashion. In this letter, we show that dark halos formed through the hierarchical clustering have non-isothermal structure and central density cusp shallower than ρ ∝ r −2 , by means of high-resolution N-body simulations. We also give a physical mechanism of formation of such non-isothermal structure. Recently, several claims were made that the central cusp of dark matter halo has the profile of ρ ∼ r −1 [1] [2] , which resembles to recent HST results of large ellipticals [3] . However, cusp obtained in our simulations, which employs more than 10 times more particles than what used in previous studies, is noticeably more steep, which resembles to nearly isothermal cusp of less massive ellipticals.
Recent high resolution ground-based and Hubble Space Telescope observations [3] have revealed that elliptical galaxies do not have a constant-density core and the densities continue to rise until the resolution limit. In faint ellipticals, the density profile at the central region increases roughly as ρ ∝ r −2 , and in bright ellipticals it increases as ρ ∝ r −1 or shallower. Several simulations demonstrated that the dark matter halos formed through hierarchical clustering were not well approximated by isothermal spheres, and better fitted by a Hernquist model [4] or similar model which 1 has the asymptotic behavior of ρ ∼ 1/r at the center [1] [2] . In these simulations, halos have the power law index which changes from around −1 to −3 or −4 as the radius increases.
However, whether these results is physically valid or numerical artifact remains unclear because of the following reasons. First, no physical mechanism is given for the formation of cusps found in simulations so far [5] . Secondly, the mass resolution in these simulation was rather low. The central structure may be affected by two-body relaxation effect (Quinlan 1996, Steinmets and White 1996, preprint). Thirdly, the central structures of halos obtained by these simulations are strongly affected by the potential softening they used. The profiles obtained by these simulation shows rapid change in the power index around the radius several times the potential softening.
To determine whether the simulation results is real or not, we performed N-body simulations of hierarchical clustering with the resolution much higher than those in previous works. Figure 1 shows the particle distribution obtained by our simulations at the redshift z =(a)8.7, (b)5.1.and (c)1.8. The number of particles we used (N = 786, 400) is more than 10 times larger than what is typically used in the previous simulations (N ∼ 10000 − 30000). The softening is smaller too. We used the individual timestep algorithm with 4-th order integrator [6] and a special-purpose computer GRAPE-4 [7] [8]. The individual timestep algorithm allows us to use smaller softening without increasing the calculation cost significantly. This algorithm is the same as that used for globular cluster simulations, and had been used in the cosmological N-body simulations [9] . GRAPE-4 with the peak speed of 1Tflops allows us to use direct summation which ensures very high accuracy. Figure 2 shows the density and temperature structures of the halo at z = 1.8. In our simulation, the structure outside 1 kpc is unchanged after formation of a large single halo, although central region within 1 kpc gradually expands because of two-body relaxation effect. In figure 2 we can see the decrease of temperature toward the center within 10kpc. This non-isothermal structure makes cusp shallower than ρ ∝ r −2 in density distribution. The large potential softening employed in previous studies have produced spurious structures. Our additional simulations using larger softening show that the temperature becomes lower within a few times softening radius. The potential softening tends to produce a flat core of the radius of the order of the softening. Thus, unless we use point-mass particles, we always see the tendency that the power index of the density profile approaches to zero at the radius comparable to the softening radius.
Two-body relaxation effect due to small N also leads to spurious structures in central region (Quinlan 1996, preprint). In our simulation, local two-body relaxation time at 1 and 5 kpc are 1.2 × 10 10 and 2.3 × 10 11 years, respectively. The structure within 1kpc is somewhat affected by two-body relaxation in our simulation. In the simulation with less than N ∼ 10000 the local relaxation time at 5kpc would be 3.0 × 10 9 years, and the effect of two-body relaxation would completely dominate.
It is natural that the halo has temperature decreasing inward. In a hierarchical clustering, typical merging occurs between clumps with different central densities. The density of the clump formed close to the larger-scale density peak tends to be higher, while the halo formed far away from the density peak tends to be lower. In the merging between such clumps, the less concentrated clump is disrupted by the tidal field of the more concentrated clump. The core of the more concentrated clump survives the merging process and settles down at the center of merger remnant. The temperature of halo region of merger remnant increases since the specific binding energy of the merger remnant is almost always larger than that of progenitors.
In order to illustrate the formation of temperature inversion after merging, we performed an idealized simulation of merging of two spherical clusters with different central densities. The result is shown in figure 3 . We can see clear temperature inversion.
Our result suggests that it is rather unlikely that the shallower cusp of large ellipticals are formed through dissipationless process. One possibility is that the central massive black hole is responsible for the cusp [10] .
We are grateful to Makoto Taiji, who has developed GRAPE-4. T.F. acknowledged financial support by JSPS. This research was partially supported by the Grand-in-Aid for Specially Promoted Research (04102002) of The Ministry of Education, Science and Culture. The initial condition is constructed in the way similar to that in ref [1] . We assigned the initial positions and velocities to particles in a spherical region whose radius is 2Mpc surrounding a density peak selected from a discrete realization of a standard CDM model (H o = 50km/s/Mpc and Ω = 1). The peak was chosen from realization of the density contrast in an 8Mpc box. The peaks were found by smoothing the density with a Gaussian filter of radius 0.75 Mpc. We followed the evolution of a density peak with direct N-body simulation. Normalization were performed by COBE. The number of particles we used is N = 786, 400, and the mass of the each particle is 4.0×10 6 M ⊙ . We started the simulation at z ∼ 46. We used a Plummer softened potential whose length is ε = 0.14kpc. We did not include tidal effects from outside of 2Mpc sphere, for simplicity. We are mainly interested in the core properties within 10kpc. The tidal effect for 10kpc scale from 2Mpc scale is negligible. The properties far outside 10kpc obtained by our simulation might be different if we handle the tidal effect correctly. Figure 1 . We determined the center of halo using potential minimum and averaged physical values over each spherical shell. Total number of particles is 32768. We used the standard units [11] such that M = G = −4E = 1 where G is the gravitational constant, and M and E are the total mass and the initial total energy of a halo. Its orbit is head-on from bound orbit (Initial separation is 5 and two clusters are at rest). 7
